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Systematics of image-state lifetimes od band metal surfaces
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The fs dynamics of electrons in image states has been modeled on a variety of noble and transition metal
surfaces. It is shown that the experimentally observed lifetimes can be described satisfactorily in terms of two
key parameters: the penetration lengthof the image state into the bulk and the energy phase space
available for the quasiparticle decay.
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Surface states on metal surfaces represent model systefasic parameters. Scattering matrix elements are approxi-
where electronic excitations in a two-dimensional electronmated by a parametey describing the wave function over-
gas coupled to the bulk electronic structure can be studied ilap of surface and bulk states. The second parameter is the
detail. Such quasiparticle dynamics is of considerable interen€rgy phase spaavailable for quasiparticle decay. It is
est for various physical processes such as chemisorption ari@os‘ieled by a threeway self-convolution of the bulk density

Y2 . . . _
desorption at surfacéstemtochemistry, and magnetization ates:*"With these parameters it appears pOSS|b_Ie to ac
switching®* Experimentally one can differentiate between count for the systematics of all known image state lifetimes

studies of hole and electron quasiparticle dynamics, respe@n Noble and transition metal surfaces.
Transition rates due to electron scattering can be calcu-

tively. Hole lifetimes can be obtained from the quasiparticleI q X , d e in th dork

linewidths in high resolution photoemission spectrosCopy ated using r?lFerrrIjls. 90 ind“ée r:n the ranl 0

and scanning tunneling microscSpgxperiments. The line- aPProximatiort. This is justified by the strong electron-
electron interaction in noble and transition metals which

width contains contributions due to eIectron—phonon,I q ¢ distributi feol targh
electron-electron, and electron-defect scattefifgthis pa- €ads 0 a fast redistribution of electron wave vectarhe

per, however, we focus on electron lifetimes that have beewformaktl'onl about (tjhe initizk v_aluers] of |m|age state electronrs]
measured directly using pump-probe techniques, and we ejg quickly lost and we can incoherently average over the

plore the systematics on varying the surface orientations an hole Brillouin zone considering only the energy ex-
going from transition to noble metals. changed in the inelastic scattering procéssn electron

The dynamics of hot electrons at surfaces can be probefoPulating an image state with energyis scattered into a
in real time by time-resolved two-photon photoemissionPreviously unoccupied state with energy—e. Simulta-
spectroscopy. Unoccupied states above the Fermi [Eyel N€ously another electron is ,excned from an endggypelow
are populated with electrons by photoabsorption of fs lasefr N0 a state with energg’ + e aboveEg . The transition
pulses. The transient electron population which is directlfate’ ie., the inverse lifetime, for image state electrons is
related to the lifetime is subsequently probed by time de!n€n given by
layed fs laser pulses generating photoelectrons. In particular TABLE I. Lifetime =, penetration lengtlz,, and phase space
image states have been systematically studied using thigarameterS, for the lowest energy image states on face centered
technique(see Table)l Image states are formed when elec- cubic metal surfaces discussed in the text.
trons in front of a metal surface are bound by their own
image charge induced via electronic screening inside th&urface 7 (fs) z0 (R) S (1F evd) Ref.
crystal. When a bandgap prevents the escape into the bulka
series of hydrogeniclike electronic states is forriétheir Cu100 406 5.08 139 13
binding energy can be reproduced very well by a onefheory 30 9

dimensional model potential perpendicular and a nearly freeCU(11Y 18+5 23.9 14.0 15
electron dispersion parallel to the surfdcé® This also pro-  theory 17.5 9
vides realistic wavefunctions which are used to evaluate th89(100 55+5 6.72 8.6 13
screened Coulomb interaction responsible for the decay dgheory 26.5 14
image stated.In general there is good agreement with first Ag(112) 30+6 21.2 7.6 16
principles calculations that incorporate electron correlatiortheory 6 14
effects to describe the decay process&a far these com- Pd111) 25+4 4.68 76.4 17
parisons have been made on a case-by-case basis neglectihgory 22 17
the influence ofi valence electron¥ What has been lacking Pt(111) 26+7 8.55 70.5 11,12
is an intuitive model that extracts the essential physics contheory 29 12
trolling the systematics of image state lifetimes. Ni(100) 16+5 4.50 155.9 19
In this paper we describe image state lifetimes by modelni(111) 13+5 517 155.3 18

ing the underlying inelastic scattering processes with twa
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FIG. 2. Energy positions of lowest energy image states relative
FIG. 1. Lifetimesr of lowest energy image state electrons plot- {0 the midgap positiof — E, and normalized to the bandgap size

ted againsB The lifetime values are taken from references cited in2V Plotted vs the wave function penetration length obtained
Table 1. from Eq. (3) for the surfaces in Table I. The inset shows schemati-

cally the complex surface band structure.

1ir= (2wl h)M?S, ()
band gap, ané&y the energy at the zone boundary or simply
where the energy at the middle of the band gap. All energy posi-
. . tions are referenced to the bottom of the nearly free-electron
_ / _ / / band which spans the bandgap. From B]).we calculated
S EF=0d€J’EdE P(E=€)p(E")p(E'T€) @ Z, for the metal surfaces listed in Table I. The values fur 2

] i . . andE, are obtained from data of the upper and lower band
describes the phase space available for the inelastic scattgy,, edges given in Refs. 23—26. Experimental valueg of

ing processe®’ p(E) is the total density of electronic states 5r¢ reported in Refs. 15,27—29. In Fig. 2 the relative posi-
at energyE. The phase space fact6rcan easily be calcu- ions of image states inside the bandgapr-E,)/(2V) are
lated using tabulated bandstructures of the elemental S8lidS.shown as a function of the calculated valueszgfd. It is
The obtained values & are included in Table I. Following  ¢jearly discernible that at the edges of the bandgap the esti-

Ref. 4 we will not differentiate betweesip, or d electrons.  pated penetration length is much larger than for states lo-
We assume constant transition matrix elemeMs,for all cated closer to the bandgap center.

elements considered. The rand&rapproximation employed

According to Eq(1) our heuristic model for the lifetime
here generally neglects any surface dependenc® bliow-

. > c : 5 should be 1#xz,S, i.e., the image state decay rate should
ever, we find small variations @& due to the slightly differ-  j,crease if the wave function extends deeper into the crystal
ent image state binding energy, e.g., @00 compared 10 414 if the phase space volume available for scattering is

(11D faces(see Table )l _larger. As a corroboration we show in Fig. 3 the experimental
In Fig. 1 the experimentally measured lowest energy imyqjes ofr as a function ofz,S. The solid line is a fit of
age state lifetimes are plotted against the calculated values of

S The figure shows that the values $fdecrease dramati-
cally from Ni to Ag. This is a consequence of the filling up of Ur="f riacet FounZoS (4
d bands. However, no scaling according to Eb.is appar-
ent. It is, therefore, necessary to model also the matrix ele- ——
ments. This is done by including a measure of the wave Ag(100)
function overlap between image states and the bulk. Since 60 { I
the image state wave function entdvs linearly* we can
assumeM?xz,. z, is the exponential decay length of the
image state wave function inside the crystal. It can be calcu- )
lated using the so-called two-band nearly free electron g Cu(100) Pd(111)
model®~1° The resulting bandstructure is depicted schemati- &
cally in the inset of Fig. 2. Inside the bandgap surface state 20[ Ag(111) +

Cu(111) Ni(100)

Pt(111)

wave functions decay exponentially into the crystal. The de-
cay lengthz, is given by the imaginary part of the complex
wave vector componenk perpendicular to the surface,
Im(k) =1/z,, as®

0 2 4 6 8
2,8 (10AeV")

(=]

2o=d[(4E4E/V?+1)Y2— (E4+E)/IV] 12 (3)
FIG. 3. Lifetimesr of lowest energy image state electrons plot-
with d=[2mV/%2]~ Y2 HereE is the energy position of the ted against,S. The lifetime values are taken from references cited
image statem the effective electron massy2he size of the in Table I. The solid line is a least square fit of E4) to the data.
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to the data. We obtaifi, = (7.2+1.9)x10 " eVfs tA~? Modifying the electronic surface structure by adsorption
and f o e (1.7+0.3)x 10 ¥s~L. The parametef,,, con-  often dramatically changes the density of states Egaand
tains residual matrix elements for the decay into bulk state$@n, thus, influence the image state lifetimes. This empha-
In order to obtain a satisfactory fit to the data it is also necSizes the crucial role of sample preparation which might be
essary to include a constant decay rhieq.. This second rgsponS|bIe for short lifetimes reported in early studies on
parameter describes the inelastic scattering of image sta?élver surface¥ compared to the most recent values com-

electrons into other surface states. Since both types of suP—”ed in Table 1. Concentrating on studies where the surface
' P electronic structure was systematically modified by adsorp-

face states are localized at similar interface rggions this P&on we can discuss the observed changes in image state
rameter does not depend on the wavefunction penetratiofk,ime<219 within our model. Upon hydrogen adsorption
into the bulk and on the phase space fa(_:tor'. Imagg states afi&, jifetime of the lowest energy image state orfINL) was
known to penetrate less into the bulk with increasing quansond to increase by 3096. This was assigned to the
tum number of the hydrogenic series. This is due to the fachyenching of an occupied Nill) surface state which de-
that they are energetically close to the upper edge of thgreases the number of decay channels. These effects can be
potential barrier on the vacuum side and thus are locateghcorporated qualitatively into the our model through the
further away from the metal surface than tivel state. This  f_ . parameter. We find that the surface contributes 29% to
leads to different values df, for differentn. Moreover, im-  the total decay rate for Ki11). If we assume that this sur-
age states with higher quantum numbers also decay via thface contribution is quenched by hydrogen adsorption the
lower energy image staté$.Consideration of both effects experimental result is to a large extend reproduced. For oxy-
are beyond the scope of the present paper. gen adsorption on Pil1l) a reduction of the image state
The main result of this paper is that the empirical modellifetime larger than 30% was observed and attributed to an
described by Eq(4) reproduces very well the lifetimes of increase of the density of states n&r.? This indicates an
lowest energy image states measured on very different suincrease of the decay rate related to bandstructure changes at
faces. This gives us confidence that we have correctly caphe surface. If we, for instance, double the surface decay rate
tured the essential physics of image state lifetimes. Somé,cefor P(111) obtained from Fig. 3 we can reproduce the
residual scatter of the experimental data around the predicteskperimental observation.
values might still be discernible in Fig. 3. This could be due In conclusion we have presented a model describing the
to features such as plasmon enhanced decay mechanism tkgstematics of measured lifetimes of lowest energy image
were reported for Ag surfacéS it has also been pointed out state electrons on noble and transition metal surfaces. The
that other surface states contribute differentlyf{g.ceOn  model uses the image state wavefunction penetratign, z
different surfaces even of the same matetialis also likely  into the crystal and the phase space voluswvailable for
that the basic assumption of constant transition matrix eleinelastic electron scattering as input. Both quantities are
ments for different materials is not strictly vaftiinally we  evaluated using band energies and density of states taken
also neglected quantum mechanical interference betwedrom reliable band calculations. The lifetimes are calculated
bulk and surface decay channels that might play a%d& by adjusting two free parameters which describe the decay
note, however, that the resulting deviations from our modetate into bulk and surface states, respectively. This repro-
are not significant compared to the experimental uncertainduces all experimentally available lifetime values within
ties of present day measurements. their experimental uncertainty.
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